While weight-bearing and resistive exercise modestly increases aBMD, the precise relationship between physical activity and bone microstructure, and strain in humans is not known. Previously, we established a voluntary upper-extremity loading model that assigns a person's target force based on their subject-specific, continuum FEestimated radius bone strain. Here, our purpose was to quantify the inter-individual variability in radius microstructure and FE-estimated strain explained by site-specific mechanical loading history, and to determine whether variability in strain is captured by aBMD, a clinically relevant measure of bone density and fracture risk. Seventy-two women aged 21-40 were included in this cross-sectional analysis. High resolution peripheral quantitative computed tomography (HRpQCT) was used to measure macro-and micro-structure in the distal radius. Mean energy equivalent strain in the distal radius was calculated from continuum finite element models generated from clinical resolution CT images of the forearm. Areal BMD was used in a nonlinear regression model to predict FE strain. Hierarchical linear regression models were used to assess the predictive capability of intrinsic (age, height) and modifiable (body mass, grip strength, physical activity) predictors. Fifty-one percent of the variability in FE bone strain was explained by its relationship with aBMD, with higher density predicting lower strains. Age and height explained up to 31.6% of the variance in microstructural parameters. Body mass explained 9.1% and 10.0% of the variance in aBMD and bone strain, respectively, with higher body mass indicative of greater density. Overall, results suggest that meaningful differences in bone structure and strain can be predicted by subject characteristics.
Introduction
Bone is a mechanosensitive tissue, with a complex structure adapted to habitual mechanical loads. Controlled human trials have shown that high-impact (Babatunde et al., 2012; Kelley et al., 2013) and resistive (James and Carroll, 2010; Martyn-St James and Carroll, 2006 ) exercises lead to modest but statistically significant increases in areal bone mineral density (aBMD). As a result, The National Osteoporosis Foundation recommends that women perform weight-bearing and musclestrengthening exercises throughout their lifespan to reduce the risk of osteoporotic fracture (Cosman et al., 2014) . Despite this knowledge, it remains unclear which exercises are most effective at increasing bone strength (Cosman et al., 2014; Janz et al., 2015) , and there are no systematic methods to prescribe loading to specific individuals or clinical populations (Warden et al., 2004) . This is largely because the precise relationship between bone structure and loading during physical activity in humans remains unknown, constraining the translation of animal work to the clinic.
Mechanical stimuli related to bone strain are understood to drive adaptation of bone structure to loading. In animal models, strain magnitude (Rubin and Lanyon, 1985) , rate (Hsieh and Turner, 2001 ), number of loading cycles (Rubin and Lanyon, 1984; Umemura et al., 1997) , and strain energy density (Webster et al., 2015; Lambers et al., 2015) modulate bone adaptation. However, the relationship between bone strain and adaptation has not been studied directly in humans due to challenges associated with measuring local tissue loading. Strain can only be measured invasively, using strain gauges applied to the periosteal surface directly or on a bone staple (Földhazy et al., 2005; Lanyon et al., 1975) . This is limited in that strain is measured only on a small area of the external bone surface for short time periods. Computed-tomography (CT)-based finite element (FE) models have enabled the non-invasive, subject specific estimation of strain throughout a bone volume. Using this technology, we previously established a tunable upper-extremity axial loading model in humans (Troy et al., 2013) , which uses FE-estimated bone strain (Bhatia et al., 2014) as a basis for prescribing target forces. The radius was selected because it is the most common site of osteoporotic fractures (Court-Brown and Caesar, 2006) , prescribed loads are not confounded by weight bearing, and the forearm can be imaged at high resolutions (Laib et al., 1998) . The loading task is simulated using clinical CT-based FE models (Bhatia et al., 2014) , and the resulting force-strain relationship is used to assign a subject-specific force that generates a desired average radius strain. We have shown that forearm loading magnitude can be voluntarily manipulated to achieve specific strains during this task (Troy et al., 2013) , highlighting its potential to answer several important questions about human bone adaptation.
Radius bone strength and the strain it experiences due to a given force, is highly variable (Földhazy et al., 2005) between individuals, even those with similar bone mineral content (Bhatia et al., 2014) . Understanding the sources of this variability is an important step towards individualized exercise prescription. Habitual external loads from sports participation are one source of variability. Studies using areal bone mineral density (aBMD) as an outcome have shown that high volumes of physical activity improve bone density, as seen in the forearms of competitive tennis players (Pasanen et al., 2001) , racquetball players (Nikander et al., 2010) , and gymnasts (Courteix et al., 1998; Scerpella et al., 2016) . Muscle forces also contribute to the habitual loads experienced by the forearm. Grip strength is related to radius structural indices calculated from peripheral quantitative computed tomography (Hasegawa et al., 2001; Lorbergs et al., 2011) , but not to ultradistal radius aBMD (Greenway et al., 2015) . Body mass is another source of external loading. Although body mass has been consistently linked to aBMD at weight bearing sites (Morin et al., 2009; Gjesdal et al., 2008; Rubin et al., 1999; Ho and Kung, 2005) , conflicting results have been found for the radius (Greenway et al., 2015; Felson et al., 1993) . Ultimately, it is not known whether loading history is related to radius bone strain in the same way that it is related to aBMD.
Bone microstructure, which can be measured using high-resolution peripheral quantitative computed tomography (HRpQCT) (Laib et al., 1998; Lespessailles et al., 2016) , is also an important determinant of bone mechanics (Hambli, 2013) and fracture risk (Stein et al., 2010; Edwards et al., 2016; Sornay-Rendu et al., 2017) . However, limited data exist regarding the extent to which bone microstructure is modulated by mechanical loading history. One group found that HRpQCT parameters in the radius of young adult males were associated with present and past physical activity (Nilsson et al., 2010) and participation in soccer (Nilsson et al., 2013) , while another study found similar sportspecific differences in soccer playing males but not females (Schipilow et al., 2013) . The extent to which loading history affects radius microstructure in females with an average level of upper-extremity loading (i.e. non-athletes) has not been examined.
Here, our primary purpose was to quantify the inter-individual variability in radius microstructure and FE-estimated strain explained by site-specific mechanical loading history. We hypothesized that greater site-specific loading, indicated by high levels of physical activity, grip strength, and body mass would predict favorable bone structure and lower FE strain, independent of age and height. Our secondary purpose was to determine whether variability in strain is captured by aBMD, a clinically relevant measure of bone density and fracture risk.
Materials and methods

Participants
Healthy females age 21-40 were recruited from the greater Worcester area as part of a larger, institutionally approved longitudinal experiment (Fig. 1) . The present study reports baseline cross-sectional data from the parent study. Women responding to online advertisements were contacted and screened via telephone survey. Individuals with irregular menstrual cycles, body mass indices outside the range 18-25 kg/m 2 , no regular calcium intake, or those taking medications known to affect bone metabolism were excluded. Because subjects were being screened for a prospective loading intervention study, individuals with a history of radius fracture or injury of the non-dominant shoulder or elbow, and those regularly participating (> 2 time per month) in sports that apply high-impact loads to the forearm (e.g. gymnastics, volleyball) were also excluded. Those satisfying the initial inclusion criteria were screened for 25-hydroxyvitamin D serum levels and forearm DXA T-score during a prescreening visit (Hologic; Marlborough, MA). DXA scans were performed using the Hologic Discovery C to image the non-dominant forearm according to the manufacturer's standard protocol, and used to calculate T-score and aBMD within the ultradistal and total forearm regions (Fig. 2a) . T-scores were used to determine study eligibility, while ultradistal aBMD for enrolled subjects was used in analysis to quantify the relationship between aBMD and FEestimated strain. Qualified subjects had 25-hydroxyvitamin D serum above 20 ng/ml and a total forearm DXA T-score between −2.5 and 1.0. Data for qualified subjects (n = 82) were collected either during the screening or a single visit within approximately two weeks of screening. All participants provided written, informed consent between January 2014 and November 2016.
Anthropometrics and loading assessments
Height was measured using a wall-mounted stadiometer, and body mass was measured using an analog scale. Non-dominant grip strength was measured using a hydraulic hand-grip dynamometer (Baseline; White Plains, NJ) three times and averaged. Grip strength measurements were taken in a seated position with the elbow bent ninety degrees in flexion. Average daily calcium intake (mg/day) was estimated using a 10-item questionnaire that tallied weekly consumption of calcium-containing foods and beverages, (Baird, n.d.) .
To estimate forearm loading due to physical activity, a site-specific arm bone loading index (armBLI) algorithm (Dowthwaite et al., 2015) was used to score activity histories. The armBLI algorithm scores activities based on the magnitude, rate, and frequency (days/week) of loads applied to the non-dominant arm as:
where the non-dominance multiplier corrects for activities loading the dominant arm preferentially. The multiplier is 0.33 for predominantly unilateral activities (e.g., tennis), 0.66 for somewhat unilateral activities (e.g. softball), and 1.0 for bilateral activities (e.g. gymnastics). For each individual, an overall score is calculated as the products of activity-specific training volumes and armBLI indices summed over all activities performed. For the present study, physical activity training volumes were generated using the validated Bone Loading History Questionnaire (BLHQ) (Dolan et al., 2006) , which was used to collect physical activity history in this group. Briefly, training volume is calculated as the product of years of participation, the seasons participated per year (fraction out of four), and a frequency score ranging from 1 to 4 reflecting training sessions per week (1 = 1-3 times per month, 2 = 1-2 times per week, 3 = 3-5 times per week, and 4≥ 5 times per week). To assess the relative importance of upper-extremity physical activity during different stages of development, separate mean annual scores (armBLI/year) were calculated for adolescent (age 10-18) and adult (age 19-current age) loading.
High-resolution peripheral quantitative computed tomography
High-resolution peripheral quantitative computed tomography (HRpQCT; XtremeCT, Scanco Medical; Brüttisellen, Switzerland) scans of the distal radius in the non-dominant arm were performed according to the manufacturer's standard in vivo scanning protocol (Fig. 2b) . The scans consisted of 110 slices with an isotropic voxel size of 82 μm, encompassing a 9.02 mm axial region beginning 9.5 mm proximal to a reference line placed at the distal endplate. All scans were performed by trained technicians, and daily and weekly quality control scans were performed. Each scan was graded for motion on a scale from 1 (no motion) to 5 (severe motion artifact) (Pialat et al., 2012) , and only scans scoring 3 or better were included in the analysis.
HRpQCT scans were analyzed using the manufacturer's semi-automatic standard morphological and cortical (Buie et al., 2007; Burghardt et al., 2010; Burghardt et al., 2009; Nishiyama et al., 2009) ) were calculated using the standard manufacturer's analysis, and cortical vBMD (mgHA/cm 3 ), cortical thickness (mm), and cortical porosity (%) were calculated using the dualthreshold method (Buie et al., 2007; Burghardt et al., 2010; Burghardt et al., 2009; Nishiyama et al., 2009 ).
Continuum FE modeling
Clinical resolution CT scans were used to construct three-dimensional continuum FE models including the distal articulating surface to simulate physiologic loading through the scaphoid and lunate. CT scans of the distal-most 12 cm of the non-dominant forearm were acquired using established methods with a transverse pixel size of 234 μm and slice thickness of 625 μm (BrightSpeed, GE Healthcare; Chicago, IL) (Bhatia et al., 2015) . A calibration phantom with known calcium hydroxyapatite equivalent concentrations was included for conversion from Hounsfield Units to apparent density.
Radius bone strain during the forearm loading task was estimated from FE models (Bhatia et al., 2014) simulating compressive loading of 300 N (approximately one half body-weight) through the palm of the hand (Fig. 2c) . Briefly, the radius, scaphoid and lunate were segmented from the CT scan using a 175 mgHA/cm 3 density threshold in Mimics (Materialise; Leuven, Belgium) and converted to quadratic tetrahedral FE meshes with mean element edge length of 3 mm in 3Matic (Materialise; Leuven, Belgium). A 2 mm quadratic tetrahedral articular cartilage mesh was generated by dilating the radius in the transverse plane. Inhomogeneous, density-based material properties were assigned to the radius using an established density-elasticity relationship
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Declined to participate (n=24) ( Morgan et al., 2003) . The scaphoid and lunate were modeled as incompressible, and cartilage as a neoHookean hyperelastic solid with E = 10 MPa and ν = 0.45. Loading was simulated in Abaqus 6.12 (Simulia; Providence, RI) by applying a ramped force through the centroids of the scaphoid (180 N) and lunate (120 N) towards the centroid of the fixed proximal radius. These methods have been validated using experimental testing of cadaveric specimens (Bhatia et al., 2014) .
Energy equivalent strain (ε ) was calculated within the ultradistal region within the continuum FE model matching the HRpQCT scan region. Energy equivalent strain was selected as the primary FE outcome because it has been previously related to radius bone adaptation (Bhatia et al., 2015) . This scalar quantity represents the total work done on the bone tissue, provided by the multi-axial stress-strain state:
where E is the elastic modulus, and U is the strain energy density calculated as:
3 3 ,where σ n and ε n are the principal stress and strain components, respectively. Mean energy equivalent strain within the region corresponding to the HRpQCT-scanned region was identified using a custom Matlab script that implemented a mutual information image registration algorithm considering pixel intensities. A laboratory precision study yielded mean rotation errors of 0.47 ± 0.38°, 0.46 ± 0.41°, and 0.32 ± 0.24°in the x, y, and z directions, respectively, for a similar data set (Johnson and Troy, 2017) .
Statistical analysis
The normality of each measured variable was assessed by visual inspection of histogram distributions. To assess the ability of DXA-based measures to predict FE strain, a power regression model was constructed with ultradistal aBMD as the independent variable and mean energy equivalent strain as the dependent variable. Power regression was selected based on previous studies characterizing the relationship between bone density and mechanical properties (Helgason et al., 2008) . Correlation and multiple regression analyses were used to identify intrinsic and modifiable factors that affect bone strain and distal radius microstructure. Pearson and Spearman correlation coefficients were calculated between subject characteristics, FE-strain, and HRpQCT parameters with normal and non-normal distributions, respectively. A series of hierarchical linear regression models were fitted for each structure and strain variable, with age and height entered as intrinsic covariates and body mass, grip strength, and loading scores included as extrinsic, modifiable predictors. Covariates were added as a first block of independent variables, and then a single modifiable factor was entered in a second block, allowing the total variance explained by the intrinsic factors as a group and the predictive capability of each loading factor to be determined. The overall model residuals were visually inspected for normality and homoscedasticity using a plot of residuals versus predicted values. An alpha level of 0.05 was used to detect significance. All statistical analyses were performed using SPSS v22.0.
Results
Subject characteristics
Descriptive statistics, presented as means and standard deviations, are summarized in Table 1 . Ten enrolled subjects were excluded from analyses due to incomplete physical activity data (n = 3) or HRpQCT motion artifact (n = 7). Thus, all results are reported for the seventytwo subjects for whom complete data were available. Daily calcium intake was below the average intake reported for women ages 19-50 in the United States (Bailey et al., 2010), while grip strength was similar to previously reported values for young adult women (Wong, 2016; Massy-Westropp et al., 2011) . Correlation coefficients between predictors and bone structure and strain parameters are provided in Table 2 . Mean energy equivalent strain within the distal region was significantly correlated several HRpQCT parameters, DXA aBMD, and body mass.
Prediction of FE-estimated bone strain and HRpQCT microstructure
Results of the nonlinear power regression between DXA aBMD and mean energy equivalent strain within the ultradistal region are presented in Fig. 3 . Areal BMD explained 51.47% of the variability in strain, with higher density values associated with lower strains under a given load.
Mean and standard deviations for all bone parameters, as well as the corresponding hierarchical regression results, are presented in Tables 3  and 4 . Mean values for HRpQCT-measured parameters agree well with those reported for young adult women (Burt et al., 2014) . Energy equivalent strain was not significantly predicted by age or height. Adding body mass to the model significantly improved the prediction of strain, explaining an additional 10.0% of the variance (p = 0.008).
Looking at HRpQCT parameters, age and height accounted for 9.6% of the variance in trabecular BMD (p = 0.031) as intrinsic factors, and adding adult loading score to the model accounted for an additional 7.1% of the variance (p = 0.019). Intrinsic factors alone explained 11.9% of the variance in cortical BMD (p = 0.013), and adding grip strength to the model explained an additional 17.0% of the variance (p < 0.001). Total cross sectional area was strongly predicted by age and height, which explained 31.6% of the variance (p < 0.001). Adding grip strength to the model significantly improved the prediction of total area, explaining an additional 17.9% of the variance (p < 0.001). Intrinsic factors alone explained 17.4% of the variance in trabecular number (p = 0.001), and body mass accounted for an additional 7.6% percent of the variance (p = 0.011). Cortical porosity was not significantly predicted by intrinsic factors alone, but adding either grip strength or adult loading score improved model predictions by 5.6% (p = 0.043) and 8.3% (p = 0.013), respectively. None of the models predicting total BMD or cortical thickness were significant.
Discussion
Our primary purpose was to quantify the inter-individual variability in radius microstructure and FE-estimated strain explained by site-specific mechanical loading history as described by grip strength, physical activity history, and body weight. Higher grip strength predicted greater cross-sectional area and lower cortical density related to greater cortical porosity. Similar trends were seen in individuals with higher levels of site-specific adult loading, who tended to have more porous cortices and greater trabecular density. Neither grip strength nor adult loading significantly predicted strain, suggesting that differences in cortical density and cross-sectional area may compensate for each other with respect to whole-radius mechanics. Finally, greater body mass predicted higher trabecular number and lower ultradistal strain. This suggests that within the normal BMI range, greater body mass is associated with improved mechanical behavior (i.e. lower strains under a given load), which may be attributed to more interconnected trabeculae supporting the distal region. As covariate factors, age and height were significant predictors of trabecular number, trabecular and cortical vBMD, and cross-sectional area but not total vBMD, cortical thickness, cortical porosity or bone strain. Taken together, these results suggest that meaningful differences in bone morphology and mechanical behavior can be predicted by measures of site-specific mechanical loading.
Secondly, using non-linear regression, we determined whether variability in FE-estimated radius strain was captured by aBMD, a clinically relevant measure of bone density and fracture risk. While aBMD and FE strain are associated, over forty-eight percent of the variability in strain was left unexplained by its relationship with density. Thus, while aBMD may help identify those most in need of bonebuilding interventions, it does not fully describe the mechanical behavior of bone tissue under loading, which is critical to predicting celldriven adaptation.
In the current study, the contribution of upper extremity mechanical loading was considered through the inclusion of body mass, grip strength, and questionnaire-based physical activity scores. These measures are to some extent related, as more active individuals may have greater muscle mass, which affects both grip strength and body mass. However, each has been previously related to bone quality and may characterize different aspects or modes of loading. For example, individuals with greater body mass experience larger compressive loads during weight-bearing exercises, to which bone adapts. This is consistent with the observation that heavier individuals experienced lowermagnitude strains for a given compressive force, indicating stronger bone. This also supports the previously reported effects of body mass on lower-extremity mechanical loading (Lou Bareither et al., 2006) , aBMD (Gnudi et al., 2007) , and fracture risk (Morin et al., 2009 ). Grip strength is a functionally useful measure of muscle mass and strength, and has been associated with bone density, macrostructure, and strength using peripheral QCT (Hasegawa et al., 2001; Lorbergs et al., 2011; Greenway et al., 2015) . The relationship between muscle mass and bone quality is complex. Individuals may be genetically predisposed to having larger muscles and bones, or may build muscle over time, which drives bone adaptation to increasing forces. In the current study, grip strength was positively related to cross sectional area but not strain, suggesting that grip strength may describe global body size rather than adaptation to specific loads.
Physical activity during growth and adulthood has been associated Table 2 Correlation coefficients between subject characteristics, bone structure, and strain parameters. with improvements to bone structure (Kato et al., 2009) . However, there is a lack of consensus whether loading during adolescence or early adulthood are more significant in determining peak bone mass (MacKelvie et al., n.d.; Daly and Bass, 2006; Bass et al., 1998) . We found that adolescent loading did not significantly contribute to the prediction of any bone structural or parameter, while adult loading was associated with favorable trabecular vBMD. Variations between previous and the current results may be related to differences in questionnaires or anatomic sites. As opposed to other skeletal loading questionnaires, the armBLI scores activities based on the magnitude and frequency of forearm loading rather than using ground reaction forces (Weeks and Beck, 2008) or estimations of loading at the hip and spine (Dolan et al., 2006) . The relationship between loading and structure may also be site-specific, especially considering the differences in habitual loading between the upper and lower extremities. Cortical porosity was significantly predicted by grip strength and adult loading score. However, correlation coefficients in both cases were negative, indicating that more active individuals with greater muscle mass have more porous cortices. This is somewhat surprising, as increased cortical porosity is associated with diminished structural integrity and increased fracture risk in older individuals (Nishiyama et al., 2009 ). However, increased cortical porosity in this younger population may reflect more active remodeling units rather than degradation, driven by adaptation to increased applied loading. This finding is consistent with a previous study in females ages 14-21 that found significantly higher cortical porosity in both amenorrheic and eumenorrheic athletes versus non-athletes, despite higher HR-pQCT FEderived stiffness in eumenorrheic athletes (Ackerman et al., 2012) . The relationship between grip strength and porosity, however, should be interpreted in the context of the HR-pQCT scanning protocol that we used, which defined the scan region a fixed, not relative, 9.5 mm distance from the distal endplate. As a result, the scanned region was shifted distally in individuals with longer forearms, potentially biasing results towards increased cross sectional area and cortical porosity (Ghasem-Zadeh et al., 2017) . Recent work has highlighted the potential advantage of defining scan regions relative to limb length, which may reduce the variability in results associated with body size (GhasemZadeh et al., 2017) . As height and grip strength are positively related (Balogun et al., 1991) , it is possible that the positive relationships between grip strength, total CSA, and cortical porosity observed here may be, in part, due to individuals with higher grip strength having longer forearms and thus more distal scan regions. However, in the current analysis, all regression models were statistically controlled for height to mitigate this effect. Our results are further strengthened by the lack of significant relationship between cortical porosity, age, and height.
The current study is not without limitations. Our sample size was relatively small, and subjects were recruited as part of a longitudinal study with inclusion criteria developed for the evaluation of a loading intervention. To target individuals who would most likely benefit from new loading, anyone already regularly participating in activities involving frequent, high impact loading of the upper extremities was excluded. Additionally, only women with a DXA total forearm T-score falling within the range -2.5 to 1.0 were included. Therefore, the current results cannot be generalized to women with extreme levels of upper-extremity loading, those with bone mass below the expected range for their age, or those with T-score > 1.0 SD above the population mean. Additionally, there may have been limitations in applying the armBLI algorithm to adult women with retrospective rather than prospective, calendar-based training histories. The accuracy with which adolescent activity was recalled may have been limited and introduced additional variability, contributing to the lack of significant predictions by adolescent loading. Further, the armBLI was validated against DXA areal density measurements (Dowthwaite et al., 2015) rather than volumetric structure or FE-derived strain. Considering these differences, a more rigorous validation of the armBLI may be required in adult women using CT-based measurements. In summary, we have shown that individuals with higher levels of adult physical activity, grip strength, and body mass tend to have favorable bone microstructure structure. Women with higher body mass within a normal BMI range also had lower levels of strain under a given force, suggestive of adaptation to increased loads during functional activities. Additionally, we have explored the relationships between clinical measures of bone quality, showing that the current gold-standard, DXA aBMD, does not capture the wide range of strains experienced during typical physiologic loading. Overall, these results suggest the importance of engaging in bone-building behaviors in adulthood, and contribute to the systematic design of prescribed loading interventions to better address the growing incidence of osteoporotic fracture.
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